The authors experimentally demonstrate a simple and efficient approach for nucleating the catalytic chemical vapor deposition ͑CVD͒ growth of GaN nanowires, Ga 2 O 3 nanowires, and Ga 2 O 3 nanoribbons by using ion implantation of Fe + into thermally grown SiO 2 layers and subsequent annealing to form the catalyst nanoparticles. This work shows that ion implantation can be used as a versatile method to create catalyst nanoparticles for wide band gap nanowire/nanoribbon growth. They also demonstrate that ion implanted catalyst nanoparticles prepared under identical conditions can be used to grow different types of nanowires/nanoribbons containing Ga by simply changing the gas types and flow rates during CVD growth. Furthermore, they systematically characterize the structural properties of the as-grown nanomaterials, and find that the distance between the Ga source and the substrate, growth temperature, growth time, and flow rates are all critical parameters for nanowire growth. They explain the growth of single-crystal wurtzite GaN and monoclinic ␤-Ga 2 O 3 nanowires by the vapor-liquid-solid ͑VLS͒ growth model, whereas the growth of monoclinic ␤-Ga 2 O 3 nanoribbons by a combination of the VLS and vapor-solid ͑VS͒ mechanisms. This work opens up the possibility of controlling the origin of wide band gap nanowires/nanoribbons at the nanometer scale using the technique of catalyst ion implantation through a lithographically defined mask, of integrating nanowires/nanoribbons into nonplanar three-dimensional device structures, and of growing different Ga-based wide band gap semiconductor nanostructures on the same substrate by simply changing the gas types and flow rates.
I. INTRODUCTION
Nanowires and nanoribbons have attracted significant research attention in recent years due to their unique structural, electronic, optical, and mechanical properties.
1,2 These properties make nanowires and nanoribbons promising building blocks for potential applications such as transistors, lasers, photodetectors, and chemical and biological sensors.
GaN, which is a III-V nitride wide band gap semiconductor with a direct band gap of E g Ϸ 3.4 eV, has applications in blue light emitting diodes ͑LEDs͒, blue laser diodes, photodetectors, high speed field effect transistors ͑FETs͒, and high temperature and high power electronics. 3, 4 Monoclinic gallium oxide ͑␤-Ga 2 O 3 ͒ is also a wide band gap semiconductor ͑E g Ϸ 4.9 eV͒, which has potential applications in optoelectronic devices and high temperature gas sensors. 5, 6 One-dimensional ͑1D͒ nanowires of both GaN and ␤-Ga 2 O 3 have been grown in recent years using a variety of techniques including laser ablation, 7, 8 arc discharge, 9, 10 template-assisted growth, 11 thermal evaporation, 12 metalorganic chemical vapor deposition, 13 ,14 molecular beam epitaxy, 15 and chemical vapor deposition ͑CVD͒. [16] [17] [18] [19] Furthermore, nanobelts and nanoribbons of ␤-Ga 2 O 3 have been synthesized in recent years using a number of techniques including thermal evaporation 1, 20 and CVD. 21 For most of the synthesis using CVD, a growth model based on the vapor-liquid-solid ͑VLS͒ growth mechanism 22 has been used to explain the observed results. An essential component of the VLS growth process is the nanoscale catalyst particles required to nucleate the growth of nanowires. For example, for GaN nanowire growth, nanoparticles of metals such as In, 18 Ni, 18, 23 Co, 18 Au, 24 or Fe, 18, 25 have been used as catalyst. In particular, Fe has been shown to be a good catalyst for GaN nanowire growth since it dissolves both Ga and N and does not form a more stable compound than GaN. 8, 25 For Ga 2 O 3 nanowire growth, Au 5,17 has commonly been used as catalyst.
Metal catalyst nanoparticles are typically formed by depositing a solution of catalyst powder or monodispersed nanoparticles 18, 26 or by annealing e-beam evaporated or sputtered thin films. 24 An alternative catalyst deposition technique, which has not been explored as much, is to use ion implantation and subsequent annealing to create catalyst nanoparticles. [27] [28] [29] [30] [31] In order to control the origin of nanowires during growth, the catalyst is typically patterned by lithography into small "islands."
32 Nanoscale catalyst particles formed by depositing solutions of powders are typically difficult to pattern into very small dimensions and those formed by depositing thin films are difficult to pattern into nonplanar three-dimensional ͑3D͒ device structures, such as the sidewalls of high aspect ratio trenches. 29 Ion-implanted catalyst, on the other hand, is much easier to pattern into very small features and over high aspect ratio topography compared to other types of catalyst, and it offers extremely accurate control of the number of atoms introduced into the substrate ͑the dose of the implant͒. Since ion implantation is a wella͒ Author to whom correspondence should be addressed; electronic mail: antural@ece.ufl.edu established technique in silicon technology, which is very reproducible and easily scalable, it could offer significant technological advantages as a method to form catalyst nanoparticles for nanowire growth. A few previous experiments have shown that ion implantation and subsequent annealing can create catalyst nanoparticles for nucleating the growth of multiwalled carbon nanotubes, [27] [28] [29] single-walled carbon nanotubes, 30 amorphous silica nanowires, 33 and silicon nanowires. 31 However, using ion implanted catalyst for the growth of wide band gap nanowires and nanoribbons has not been demonstrated previously.
In this article, we experimentally demonstrate a simple and efficient approach for nucleating the growth of GaN nanowires, Ga 2 O 3 nanowires, and Ga 2 O 3 nanoribbons by ion implantation of Fe + ions directly into thermally grown SiO 2 layers and subsequent annealing to form catalyst nanoparticles. This work experimentally shows that ion implantation can be used as a versatile method to create catalyst nanoparticles for wide band gap nanowire/nanoribbon growth. We also show that catalyst nanoparticles prepared under identical conditions can be used to grow different types of Ga-based nanowires/nanoribbons by simply changing the gas type and flow rates during CVD growth. This could enable the integration of different Ga-based wide band gap semiconductor nanostructures on the same substrate. Furthermore, we systematically characterize the as-grown nanomaterials, discuss the effect of growth parameters on the nanostructures grown, and explain the growth results in terms of simple physical models based on the VLS and the vapor-solid ͑VS͒ growth mechanisms. This work opens up the possibility of controlling the origin of wide band gap nanowires/nanoribbons at the nanometer scale through the technique of catalyst ion implantation for fabricating nonplanar 3D device structures.
II. EXPERIMENTAL PROCEDURE
For our experiment, a 500 nm thick SiO 2 layer was thermally grown on silicon ͑100͒ substrates. Fe + ions were implanted into these substrates at an energy of 60 keV with a dose of 10 15 or 10 16 cm −2 . The implantation depth profile calculated by SRIM simulations 34 for the 10 16 cm −2 dose is shown in Fig. 1͑a͒ , where the projected range R p is 50 nm, and the peak concentration C p is~1.5ϫ 10 19 cm −3 . The as-implanted samples were then placed into a 1 in. atmospheric quartz tube furnace and annealed at 900°C under 300 sccm Ar and 200 sccm H 2 flow for 30 min to form iron catalyst nanoparticles on the oxide surface. After this annealing step, the gallium metal source ͑5N purity, Alfa Aesar͒ was poured into a quartz boat and placed in the tube furnace, as shown in Fig. 1͑b͒ . Next, the ion implanted and annealed substrate was placed ϳ3 cm downstream of the gallium metal source. The substrate was heated up to 850°C and annealed at 850°C for 15 min under 500 sccm Ar flow. After this step, the growth was performed at 850°C for ϳ2 h for all cases, but the gas flow rates were different for each of the three nanomaterials grown: For GaN nanowires, 15 sccm NH 3 and 300 sccm H 2 were flown, for Ga 2 O 3 nanowires, 20 sccm of N 2 was flown, and for Ga 2 O 3 nanoribbons, 10 sccm of H 2 was flown. The effect of the different gases used on the nanowire/nanoribbon growth will be discussed in detail later.
The as-grown samples were characterized by a JEOL JSM-6335F field emission gun scanning electron microscope ͑SEM͒, a JEOL 2010F high resolution transmission electron microscope ͑HRTEM͒ operating at 200 kV equipped with selected area electron diffraction ͑SAED͒ and energy dispersive x-ray spectroscopy ͑EDS͒ capability, a Phillips MRD X'Pert x-ray diffraction ͑XRD͒ spectrometer with Cu K␣ radiation, and a Digital Instruments Nanoscope III atomic force microscope ͑AFM͒ operated in the tapping mode. For the HRTEM characterization, the as-grown nanowires/ nanoribbons were dispersed in 2-propanol, the solution was sonicated, and a few drops of the resulting suspension was deposited on commercially available Cu TEM grids coated with a holey carbon film. diffusing to the oxide surface is proportional to the dose of the implant; as a consequence, a higher dose results in larger nanoparticles. It is also worth noting that the AFM images in Fig. 2 were taken after the 30 min anneal step at 900°C. During the 2 h growth step at 850°C, the implanted Fe atoms continue to outdiffuse toward the surface, and as a result, the density and size of catalyst nanoparticles continue to evolve as the growth proceeds. This is in contrast to solution-based or thin-film catalyst, where the catalyst "dose" on the surface does not change during growth.
III. RESULTS AND DISCUSSION
Next, we present the growth results of GaN nanowires, Ga 2 O 3 nanowires, and Ga 2 O 3 nanoribbons from these catalyst nanoparticles for the higher implant dose substrate ͑10 16 cm −2 ͒, which was found to result in a higher density of nanostructures. Figure 3͑a͒ shows an SEM image of GaN nanowires grown from the 10 16 cm −2 dose ion implanted iron catalyst. The diameters of the as-grown nanowires range from 15-60 nm and their lengths are between 1 and 20 m based on SEM and TEM analyses. XRD measurements were performed on bulk samples to determine overall crystal structure and phase purity of the as-grown GaN nanowires. Figure  3͑b͒ The effect of the various CVD parameters on the growth of GaN nanowires from ion implanted Fe catalyst was also investigated. The overall reaction of gallium metal vapor and ammonia to form GaN nanowires can be expressed as
A. GaN nanowires
First, by varying the distance between the Ga source and the substrate ͓see Fig. 1͑b͔͒ , we observed that the density of nanowires is reduced as the distance increases above 3 cm. Furthermore, we found that increasing the growth time increases the average GaN nanowire length. Increasing the growth temperature above 900°C was found to reduce the density of GaN nanowires, most likely due to the evaporation of too much Ga from the source material at higher temperatures. In addition, having either a high ͑ϳ30 sccm͒ or low ͑ϳ5 sccm͒ NH 3 flow rate was observed to significantly reduce the density and length of as-grown GaN nanowires. These findings indicate that too much or too little supply of Ga or NH 3 impede GaN nanowire growth. The presence of H 2 coflow was found to be a crucial factor for GaN nanowire growth, as well. Any residual oxygen in the CVD chamber easily oxidizes the nanowires, yielding Ga 2 O 3 nanowires instead of GaN. The hydrogen coflow prevents the oxidation of GaN nanowires, as well as reducing the decomposition rate of ammonia.
As mentioned previously in the experimental procedure, we have performed a 15 min anneal in Ar atmosphere after the furnace temperature has reached the growth temperature of 850°C. We found that this anneal step increases the GaN nanowire length and density. This could be due to the fact that Ga begins to evaporate from the source material during this anneal step, providing a sufficient supply of Ga vapor as soon as the NH 3 is introduced into the chamber in the growth step.
The growth of the GaN nanowires can be explained by the VLS growth model 22 as illustrated in Fig. 4 . First, the SiO 2 substrate is implanted with Fe + . Then, during the subsequent anneal step, the as-implanted Fe atoms outdiffuse to the surface and aggregate to form catalyst nanoparticles on the SiO 2 surface. The catalyst nanoparticles from which nanowire growth has not yet nucleated could also get larger by a surface diffusion and Ostwald ripening process. During the CVD growth, liquid alloy droplets containing Fe, Ga, and N forms from these catalyst nanoparticles. When these liquid alloy droplets become supersaturated in Ga and N, solid GaN nanowires nucleate and precipitate out of these droplets. Figure 5͑a͒ shows a SEM image of ␤-Ga 2 O 3 nanowires grown from ion implanted iron catalyst. The diameters of the as-grown nanowires range from 15 to 60 nm and their lengths are 1 to 20 µm based on SEM and TEM analyses. As mentioned previously, the catalyst and growth conditions are identical to the growth of GaN nanowires, except only 20 sccm N 2 is flown during growth instead of NH 3 and H 2 . Figure 5͑b͒ shows the XRD pattern of the as-grown Ga 2 O 3 nanowires where the diffraction peaks labeled by their Miller indices are indexed to monoclinic ␤-Ga 2 O 3 with lattice constants a = 1.2227 nm, b = 0.30389 nm, c = 0.58079 nm, and ␤ = 103.82°. The detailed structure and composition of individual Ga 2 O 3 nanowires have also been characterized by HRTEM and SAED, as shown in Fig. 5͑c͒ , providing further experimental evidence that the as-grown nanowires are single-crystal monoclinic ␤-Ga 2 O 3 . A very thin amorphous layer on the surface of the nanowire is visible in Fig. 5͑c͒ .
B. Ga 2 O 3 nanowires
Flowing ϳ20 sccm of N 2 allows the residual oxygen present in the CVD chamber to react with the gallium vapor in the presence of the ion implanted Fe catalyst, forming Ga 2 O 3 nanowires, which can be described by the following overall reaction:
The growth of the Ga 2 O 3 nanowires can also be explained by the VLS growth model illustrated in Fig. 4 , except in this case the liquid alloy droplets contain Fe, Ga, and O. Figure 6͑a͒ shows a SEM image of ␤-Ga 2 O 3 nanoribbons grown from the ion implanted iron catalyst. The width of the as-grown nanoribbons range from 20 to 500 nm and their lengths are 1 to 30 µm based on SEM and TEM analyses. The inset of Fig. 6͑b͒ shows the AFM image of an individual nanoribbon. Based on cross-sectional AFM analysis, the thicknesses of the nanoribbons are in the range of 20-150 nm. As mentioned previously, the catalyst and growth conditions are identical to the growth of GaN and Ga 2 O 3 nanowires, except only 10 sccm H 2 is flown during growth instead of NH 3 During the subsequent anneal step, the as-implanted Fe atoms outdiffuse to the surface and aggregate to form catalyst nanoparticles on the SiO 2 surface. Next, during the CVD growth, liquid alloy droplets containing Fe, Ga, and N form from these catalyst nanoparticles. Finally, when these liquid alloy droplets become supersaturated in Ga and N, solid GaN nanowires nucleate and precipitate out of these droplets.
C. Ga 2 O 3 nanoribbons
In some of the previous work, ␤-Ga 2 O 3 nanoribbons have been grown without using any catalyst. 1, 20 The VS growth model has been proposed as the growth mechanism in those cases due to the absence of any catalyst nanoparticles. 20, 35 In our case, due to the presence of ion implanted Fe catalyst, we propose the following growth model, which is a combination of the VLS and VS models, as illustrated in Fig. 7͑a͒ . First, ␤-Ga 2 O 3 nanowires are nucleated out of the Fe catalyst nanoparticles by a VLS mechanism, then nanoribbons grow from the nucleated nanowires by a VS mechanism. The flow of a small amount of H 2 is found to be critical for nanoribbon growth. When N 2 is flown, only nanowires are observed. This can be explained by the fact that H 2 reacts with the nucleated ␤-Ga 2 O 3 nanowires by the following reaction:
Ga 2 O vapor then reacts back with H 2 and H 2 O to form Ga and Ga 2 O 3 , which then initiates the VS growth of nanoribbons. 36 In addition, no Ga 2 O 3 nanoribbon growth was observed for high H 2 flow rates ͑ϳ100 sccm͒ since excessive H 2 depletes the residual oxygen source in the chamber. Evidence for the proposed VLS-VS growth mechanism has been observed in some TEM images, as shown in Fig. 7͑b͒ , where a nanowire core is visible in the center region of the as-grown ␤-Ga 2 O 3 nanoribbon. Furthermore, the majority of Ga 2 O 3 nanoribbons were found to be longer than GaN and Ga 2 O 3 nanowires for equivalent growth times and temperatures, possibly due to an enhanced growth rate for the VS growth process compared to the VLS process.
IV. CONCLUSIONS
In conclusion, we have experimentally demonstrated the catalytic CVD growth of GaN nanowires and ␤-Ga 2 O 3 nanowires and nanoribbons from Fe catalyst nanoparticles formed by ion implantation into thermally grown SiO 2 layers and subsequent annealing. This work provides experimental evidence that ion implantation can be used as a versatile method to create catalyst nanoparticles for wide band gap nanowire/ nanoribbon growth. We have also shown that Fe catalyst nanoparticles prepared under identical conditions can be used to grow different Ga-based nanostructures by simply changing the gas type and flow rates during CVD growth. Furthermore, we have systematically characterized the structural properties of the as-grown nanomaterials. We have found that the distance between the Ga source and the substrate, growth temperature, growth time, and gas flow rates are all critical parameters for nanowire growth. Furthermore, the growth of GaN and ␤-Ga 2 O 3 nanowires can be explained by the catalytic VLS growth model, whereas the growth of ␤-Ga 2 O 3 nanoribbons can be explained by a combination of the VLS and VS mechanisms.
This work opens up the possibility of controlling the origin of wide band gap nanowires/nanoribbons at the nanometer scale using the technique of catalyst ion implantation through a lithographically defined mask, of integrating nanowires/nanoribbons into nonplanar 3D device structures, and of growing different Ga-based wide band gap semiconductor nanostructures on the same substrate by simply changing the source gas types and flow rates.
